The rod of sarcomeric myosins directs thick filament assembly and is characterized by the insertion of four skip residues that introduce discontinuities in the coiled-coil heptad repeats. We report here that the regions surrounding the first three skip residues share high structural similarity despite their low sequence homology. Near each of these skip residues, the coiled-coil transitions to a nonclose-packed structure inducing local relaxation of the superhelical pitch. Moreover, molecular dynamics suggest that these distorted regions can assume different conformationally stable states. In contrast, the last skip residue region constitutes a true molecular hinge, providing C-terminal rod flexibility. Assembly of myosin with mutated skip residues in cardiomyocytes shows that the functional importance of each skip residue is associated with rod position and reveals the unique role of the molecular hinge in promoting myosin antiparallel packing. By defining the biophysical properties of the rod, the structures and molecular dynamic calculations presented here provide insight into thick filament formation, and highlight the structural differences occurring between the coiled-coils of myosin and the stereotypical tropomyosin. In addition to extending our knowledge into the conformational and biological properties of coiled-coil discontinuities, the molecular characterization of the four myosin skip residues also provides a guide to modeling the effects of rod mutations causing cardiac and skeletal myopathies.
The rod of sarcomeric myosins directs thick filament assembly and is characterized by the insertion of four skip residues that introduce discontinuities in the coiled-coil heptad repeats. We report here that the regions surrounding the first three skip residues share high structural similarity despite their low sequence homology. Near each of these skip residues, the coiled-coil transitions to a nonclose-packed structure inducing local relaxation of the superhelical pitch. Moreover, molecular dynamics suggest that these distorted regions can assume different conformationally stable states. In contrast, the last skip residue region constitutes a true molecular hinge, providing C-terminal rod flexibility. Assembly of myosin with mutated skip residues in cardiomyocytes shows that the functional importance of each skip residue is associated with rod position and reveals the unique role of the molecular hinge in promoting myosin antiparallel packing. By defining the biophysical properties of the rod, the structures and molecular dynamic calculations presented here provide insight into thick filament formation, and highlight the structural differences occurring between the coiled-coils of myosin and the stereotypical tropomyosin. In addition to extending our knowledge into the conformational and biological properties of coiled-coil discontinuities, the molecular characterization of the four myosin skip residues also provides a guide to modeling the effects of rod mutations causing cardiac and skeletal myopathies.
myosin | cardiac/skeletal myopathies | molecular dynamics | coiled-coils | protein structure M uscle contraction is primarily driven by the interactions between actin and myosin and the associated ATP hydrolysis, but the long-range transmission of force is based on the intrinsic ability of both proteins to self-assemble into organized filaments. The myosin thick filament is a well-characterized bipolar structure. The central area, or bare zone, is ∼160-nm wide and is structurally defined by the packing of antiparallel myosin molecules cross-linked at the sarcomeric M-band by scaffold proteins (1, 2) . On either side of the bare zone, parallel arrays of staggered myosin molecules assemble into the characteristic A-band that is ∼1.6 μm in length and is centered between two Z-lines, where actin filaments are cross-linked at the Z-disk (3, 4) .
The motor activity of myosin resides in the globular N-terminal region or subfragment 1, whereas the remainder of the molecule forms an extended dimeric α-helical coiled-coil. This rod-like section can be divided into two parts: subfragment-2, which allows the motors to extend away from the thick filament, and light meromyosin (LMM), which promotes both parallel and antiparallel myosin filament formation (5) (6) (7) .
The sequence of the myosin rod shows the classic seven residue heptad repeat that is considered the hallmark of coiled-coil structures. However, it is also characterized by a remarkable dipolar charge profile, repeated every 28 amino acid residues, that is predicted to assist the staggered assembly of adjacent rods in the thick filament (5) . In sarcomeric myosins, the cyclic pattern of 38 dipolar charge repeats is interrupted by four widely spaced extra amino acids, called skip residues (Fig. 1A) . These residues are by convention located at the end of different 28-amino acid repeats following position c of the heptad motif (5) . Insertion of a single residue (or deletion of six residues) introduces a discontinuity in the phasing of the heptad repeats that results in deformation of the α-helical coiled-coil. Such skip residues and stutters (deletions of three residues) are predicted to introduce regions of flexibility in the coiled-coil by causing local unwinding of the two α-helices; in contrast, stammers (deletions of four residues) are predicted to cause local overwinding of the supercoil (8) . Although the number and spacing of the skip residues are conserved across all sarcomeric myosins, both smooth muscle and nonmuscle isoforms, which assemble differently, lack the second skip residue (9) .
The role of myosin skip residues has not yet been defined. Early studies have associated their positions with the four rod bends observed by EM on purified molecules (9) , and linear modeling of the charge distribution of the rod has suggested that skip residues could play a role in properly staggering adjacent rod molecules (10) . Nevertheless, individual deletion of two of the skip residues contained in the LMM does not alter myosin solubility or paracrystal formation in vitro (11) .
To our knowledge, we report herein the first structural data, molecular dynamical properties, and role in myosin assembly of the regions encompassing the four skip residues of a sarcomeric
Significance
Myosins are cellular motors that promote muscle contraction by converting chemical energy into mechanical force. The myosin molecule self-assembles through its coiled-coil rod domain into the highly ordered thick filaments of the sarcomeres, which represent the basic contractile unit of the muscle. Because there is limited information about the mechanisms of filament formation, and mutations in the rod domain cause muscle disease, we investigated the molecular properties and function of four regions of the rod containing an extra amino acid (skip residue) predicted to alter the regular organization of the coiled-coil. To our knowledge, this is the first study reporting that these regions fold into specialized structures engaged in promoting proper myosin assembly into the thick filaments.
cardiac myosin. Our data reveal that the first three skip residues are structurally comparable and induce a unique local relaxation of the coiled-coil superhelical pitch. However, we find that the functional importance of each of the first three skip residues in promoting myosin assembly in vivo is different. Surprisingly, we discovered that the fourth skip residue lies within a highly flexible molecular hinge that is necessary for myosin incorporation in the bare zone of sarcomeres.
Results
Three distinct lines of investigation were followed to gain insight into the role of the four skip residues in myosin filament formation. The 3D structures of the regions surrounding the four myosin skip residues were determined by X-ray crystallography. Molecular dynamics simulations were carried out to reveal the effect of skip residues on the structure and the dynamics of the region. Finally, myosin assembly into sarcomeres in cardiac cells examined the function of the skip residues in a biological context.
The Coiled-Coil Surrounding the First Three Skip Residues Is Locally Unwound. Sections of the human β-cardiac myosin gene (MYH7; GenBank: M58018.1), ranging from 50 to 70 amino acids roughly centered on each of the four skip residues, were fused at their N termini to globular folding domains, Xrcc4 and Gp7, that have been shown to enhance crystallization propensity and solubility of isolated sections of extended coiled-coils (12, 13) . Crystallization and structural determination of three of the structures was obtained only after the addition of the helical bundle domain from microtubule binding protein Eb1 at the C terminus of the myosin fragments to create double-sided fusions (SI Appendix, Fig. S1 and Tables S1 and S2) (13) . In general, the stabilization domains might influence the folding, structure, or functional properties of coiled-coil fragments. However, Xrcc4 and Gp7 have been successfully used to determine the structures of overlapping segments of tropomyosin and a component of the yeast spindle pole body (12) (13) (14) , and GCN4, the stereotypical leucine zipper, has been used extensively for structural and functional studies of segments of coiled-coil proteins (15) .
Comparison of the crystal structures reveals that the regions surrounding the first three skip residues share a remarkable degree of structural similarity (Fig. 1) . The Cα RMSD between Skip 1 and 2 and 3 are 0.92 Å and 1.1 Å, respectively. The close similarity of the first three structures and the presence of multiple copies in the asymmetric unit for Skip 1, which show an RMSD difference of 0.51 Å, suggest that the structural features described below are a fundamental property of the myosin rod and not an artifact of crystal packing.
The polypeptide chain surrounding T1188 (Skip 1), E1385 (Skip 2), and E1582 (Skip 3) adopts a noncanonical coiled-coil characterized by local unwinding. These regions, which extend ∼17 and 11 residues on the N-and C-terminal sides of the skip residues, respectively, show a substantial increase in the superhelical pitch such that the helices run approximately parallel to each other (16, 17) . This effectively changes the regular a -g heptad designation of the residues surrounding each skip residue, as previously proposed (5) . As a result, side chains that would be predicted to be solvent exposed by assignment to a regular heptad repeat are now buried along the interface. Furthermore, because the distortion extends over four heptads, it is difficult to attribute the changes in the coiled-coil to the insertion of one particular residue in this region. This unwinding was predicted from the original sequence analysis, although the structural similarity between the first three skip regions was not (5).
The Coiled-Coil Surrounding Skips 1, 2, and 3 Accommodates the Break in the Heptad Repeat Similarly. Because the structures of Skips 1, 2, and 3 accommodate the insertion of the skip residue in a similar manner, the description of the structures will focus on Skip 3, which was determined to the highest resolution (SI Appendix, Table S2 ).
Based on the position of residues around the conventional coiled-coil helical wheel, Skip 3 residue, E1582, is solvent exposed and lies in the g position, which differs from the earlier prediction that it would lie between c and d ( Fig. 2A) (5, 18) . The approximate heptad designation of the 28 residue repeats either side of Skip 3 based on their helical disposition is shown in Fig.  2A , where the residues that contribute to the hydrophobic core of the helical assembly are designated either a or d according to their observed position in the helical interface.
The transition from a canonical coiled-coil starts at ∼F1565, where the phenyl side chains on opposing polypeptide chains stack against each other in the hydrophobic interface, which necessitates a distortion of the coiled-coil that places the α-carbon in a nominal d position rather than a (Fig. 2A) . Thereafter, the helices run approximately parallel to each other with the overall positions of the side chains following a distorted abcdefg repeat until the skip residue, E1582. The 11 residues on the C-terminal side of Skip 3 exhibit greater deviations from the canonical repeat showing an unconventional abcdabcabcd distribution; subsequently, the residues in the coiled-coil return to a conventional repeat. Given the overall structural similarity between Skip 1, 2, and 3, it is not surprising that the distribution of hydrophobic residues that constitute the interface is also conserved among the skip regions.
Interestingly, there are numerous solvent exposed hydrophobic residues surrounding the Skip 3 residue; these include L1559, L1563, I1568, and L1591. Their biological significance is unclear; however, this pattern of hydrophobic exposed residues is highly conserved across species (SI Appendix, Fig. S2 ). Similarly, as judged by sequence alignment, there is also remarkable similarity in the electrostatic surfaces of Skip 1, 2, and 3 (SI Appendix, Figs. S2 and S3). The existence of exposed hydrophobic side chains makes a priori assignment of residues to an accurate heptad pattern difficult.
The Fourth Skip Residue Forms a Highly Flexible Hinge. Remarkably, the fourth skip residue, G1807, is contained within a highly flexible hinge that disrupts the heptad repeat in a completely different manner from that observed for the first three skip residues (Fig. 1E ). There are two crystallographically independent dimers present within the unit cell where both dimers show ordered electron density for the hinge. Importantly, each dimer adopts a dramatically different conformation for its hinge (Fig.  1E ). The key implication from these structures is that the hinge could adopt a set of conformations in vivo that are likely to be different from the ones seen in vitro, because the latter reflect the necessities of crystallographic packing. Although the role of glycine residues as sites of flexibility had not been previously recognized, the hinge encompassing Skip 4 includes two of them, which probably contributes to its function. Glycine residues are uncommon in canonical coiled-coils and are often viewed as helix breakers; however, the myosin rod contains 12 of them in the LMM portion (19) .
The hinge, extending from residues 1806-1810 ( Fig. 2B ), introduces a discontinuity in the coiled-coil; however, the α-helices on either side of the break follow a uniform and normal superhelical pitch. The helical regions on either side of the discontinuity are highly similar in both crystallographically independent dimers, where they align with a RMSD of 0.57 Å and 1.09 Å for the N-and C-terminal regions, respectively (Fig. 2B ). As the residues surrounding Skip 4 adopt a canonical coiled-coil, there are some noteworthy features. First, the d and a positions of the heptad repeat preceding Skip 4 are occupied by alanine residues that reduce the hydrophobicity of the dimer interface. Second, the hydrophobic moieties (I1803 and L1805) in the heptad preceding the hinge are solvent-exposed. Finally, two glutamine residues (Q1811 and Q1813) immediately C terminal to the hinge are located such that they may hydrogen bond to exposed carbonyl oxygen atoms resulting from the break in the helicity. The unique nature of this hinge and its importance in bipolar thick filaments is observed in both molecular dynamics simulations and in vivo experiments, as discussed below.
Dynamics of the Coiled-Coil Regions Flanking the Skip Residues.
Because the crystal structure provides only a static view of the myosin rod, the structural dynamics of the coiled-coil surrounding all four skip residues were assessed by molecular dynamics. To achieve simulations on the microsecond time scale, graphical processing units along with implicit solvent models were used (SI Appendix, Fig. S4 ). Comparative analysis demonstrated that the conformational dynamics are not altered by the addition of the globular folding domains or the use of explicit solvent (SI Appendix, Figs. S4 and S5). Consequently, all simulations were performed solely on sections of myosin coiled-coil containing the skip residues.
The Skip Residue Is an Integral Component of the Coiled-Coil. The crystal structures show that the designated skip residues are only one residue in substantial regions of distorted coiled-coil. Thus, the question arises whether the skip residues lead to coiled-coil instability or if the surrounding regions have adopted a stable state that accommodates their insertion. To address this question, simulations of the four regions encompassed by the crystallographic studies were performed with and without (ΔS constructs) the presence of each skip residue to probe the role of the skip residue within each structural environment (SI Appendix, Table S3 ).
The simulations were analyzed in three ways. At a static level, the effect of removing the skip residues was assessed by examining the average distance between the center of mass of the two helices (D COM ) for the final 500 ns of each simulation, whereas the conformational variability was determined from both the root mean square fluctuations (RMSF) of individual residues and clustering analysis of the models. D COM was determined as a moving window covering seven consecutive α-carbons to measure the degree of coiling: smaller values of D COM imply tighter packing of the helices and a lowered super helical pitch, whereas a larger D COM value indicates a nonclose-packed state and an increased super helical pitch. Analysis of the simulations for Skip 3 residue shows that its removal allows the region to move as a whole toward a canonical coiled-coil, with a decreased super helical pitch (Fig. 3A) . This effect is especially evident for the C-terminal side of the skip residue. Skips 1 and 2 follow the same pattern, although to a lesser extent (SI Appendix, Fig. S6 ). Thus, the residues identified with Skips 1, 2, and 3 are associated with an increase in the helical pitch over a stretch of ∼29 residues. In contrast, deletion of Skip residue 4 has a different effect. The flanking sections of coiled-coil are not significantly disturbed by the absence of G1807, likely because of the fact that in the WT structure this residue resides in a highly flexible loop flanked by canonical coiled-coils (Fig. 3B ). The differences between Skip 4 and the other skip residues are also seen in the conformational dynamics.
Deletions of Skip 3 and Skip 4 Have Different Effects on the
Conformational Dynamics and Structural Stability. Analysis of the Cα-based RMSF in the simulations with WT and without the Skip residues (ΔS1, ΔS2, ΔS3, and ΔS4) shows that removal of Skip 1, 2, or 3 results in greater fluctuations than the WT (Fig. 3C and SI Appendix, Fig. S6 ). This finding implies that deletion of these residues would lead to enhanced flexibility in these skip regions. Conversely, removal of Skip 4 leads to less variation in the positions of individual residues (Fig. 3D) .
The clustering analysis is consistent with the local fluctuations. In the presence of Skip 3 there is one structural cluster that persists throughout the simulation, whereas in its absence (ΔS3) there is a large increase in the number of well-populated structural clusters (Fig. 4 A and B) . The same trend is seen for Skip 1 and 2 (SI Appendix, Fig. S6 ). In contrast, the WT structure for the Skip 4 region shows a very large distribution of structural states throughout the simulation, which are reduced dramatically on deletion of that residue (Fig. 4 C and D) . Importantly, both WT and ΔS4 simulations maintain a structural ensemble dominated by canonical coiled-coils but removal of the Skip 4 residue reduced the conformational diversity within the ensemble.
Computational Recoiling of Skip 3. Deletion of Skip 1, 2, or 3 is predicted to lead to greater conformational variability, which is consistent with the concept that these regions have evolved to accommodate the presence of an additional residue through local relaxation of the superhelical pitch. The simulations also predict that deletion (ΔS1, ΔS2, and ΔS3) moves the structure toward a more canonical coiled-coil, as indicated by the smaller values of D COM , although the resulting pattern of hydrophobic amino acid residues is inconsistent with a normal heptad repeat pattern. Thus, any potential deleterious effects caused by deletion of the skip residues could be attributed to either the absence of the residue itself or destabilization of the surrounding regions. To resolve this issue, the sequence surrounding Skip 3 was reconfigured to retain the same charge distribution but exhibit the normal pattern of hydrophobic residues found in a canonical coiled-coil interface (Fig. 3) . This was simulated with and without the nominal Skip 3 residue where the recoiled WT sequence and recoiled Skip 3 deletion are designated S3-R and ΔS3-R, respectively. These models show that introduction of a canonical coiled-coil pattern leads to greater conformational flexibility in the presence of Skip 3; but in the absence leads to less conformational variability in the clustering analysis and lower RMSFs (Figs. 3 A and C and 4 E and F) . To test the biological role of the skip residues, rat α-cardiac myosin rod constructs (WT and deleted for individual skip residues) tagged with GFP at their amino termini were transfected into neonatal rat ventricular cardiac myocytes (NRVMs) and examined for their ability to be incorporated into thick filaments by live-cell imaging (20) . When single cardiomyocytes were surveyed by confocal microscopy, we found that no skip residue deletion fundamentally prevented myosin incorporation into the endogenous sarcomeres (Fig. 5A) . However, deletion of Skip 3 (ΔS3) caused myosin cytoplasmic aggregates that show a sponge-like structure in about 40-50% of the transfected cells (Fig. 5A and SI Appendix, Fig. S7A ). When the expression levels of the mutants were boosted, no negative effects on sarcomere structure were observed, but a higher number of large aggregates were detected in ΔS3 transfected cells (SI Appendix, Fig. S7B ). Cardiomyocytes were cotransfected with both mutant GFP-and mCherry-tagged WT myosin rods to determine if the skip residue deletions alter the distribution of myosin within the thick filament. As previously reported, GFP-and mCherrytagged labeled WT myosin rods are uniformly incorporated and fully colocalized along the ∼1.6-μm-long A-band (20) (Fig. 5B,  WT) . Furthermore, the fluorescence signals are absent from the I-band corresponding to the thin actin filaments, as well as from the H-band corresponding to the central part of the sarcomere where myosin antiparallel interactions take place in the bare zone. Lastly, the lack of fluorescence in the bare zone indicates that both the GFP and mCherry molecules are correctly positioned at the beginning of the parallel interactions; these occur on each side of the sarcomere at an estimated relative distance of about ∼1,600 Å, which also corresponds to the theoretical myosin rod length (21) . Cotransfection of the mCherry-tagged WT and GFP-ΔS3 myosin rods (Fig. 5B and SI Appendix, Fig. S7C ) confirmed the phenotype of the ΔS3 construct but also revealed its dominant-negative effects, as judged by the presence of WT mCherry-tagged myosin molecules in the cytoplasmic aggregates (Fig. 5B, ΔS3) . However, this kind of analysis exposed an unexpected and critical role of the Skip 4 residue in promoting antiparallel assembly of myosin. Surprisingly, the emission signals of the ΔS4 GFP-and WT mCherrytagged myosin molecules do not visibly overlap close to the center of the bipolar myosin filaments. Indeed, the red mCherry fluorescence is predominantly detectable in this region (Fig. 5B, ΔS4) . In contrast, the WT and ΔS4-tagged molecules are homogenously distributed along the rest of the thick filaments where myosin rods pack in a parallel manner. To better characterize the ΔS4 phenotype, Linescan analysis, which measures the intensity value of each fluorophore over the length of the sarcomere, was then performed. The plot derived from an evaluation of 425 single sarcomeres imaged from three independent transfections revealed that the ΔS4 green fluorescence signal has both an offset of the peaks toward the Z-lines, as well as a substantially deeper valley in proximity of the bare zone (Fig. 5C) . Thus, lack of GFP signal strongly suggests that the ΔS4 mutant is incapable of forming the antiparallel interactions occurring in the core of the bare zone, where full overlap of the rods appear to be demanded (21) . To confirm the ΔS4 phenotype in different experimental conditions, cardiomyocytes were then stained with an antibody recognizing only the endogenous fulllength myosin molecules or imaged in time-course experiments. The same peculiar distribution and spatial relationship with the WT myosin molecules was also observed in fixed cells (Fig. 5D , Ab-F59) as well as shortly after transfection, when the transcription rate is high (Fig. 5D, 36 h and 48 h).
Skip Residues Are Coupled with Proximal Noncanonical Residues.
Mutations predicted to convert or recoil the skip regions into more stable structures were then introduced to determine whether unwinding of the regions surrounding Skip 1, 2, or 3 observed in the WT structures is functionally important. As seen with the skip residue deletions, the recoiled myosins were also incorporated into the endogenous sarcomeres (SI Appendix, Fig.  S7D ). The number of cells showing cytoplasmic aggregates did not increase when transfected with the Skip 3 deletion recoiling construct (ΔS3-R) (∼40-50%), but higher magnification inspection showed that many of the thick filaments containing the ΔS3-R protein have a less-defined structure (ΔS3-R HMV). Moreover, higher expression levels caused, as previously observed with the ΔS3 construct, a greater number of large mutant aggregates (SI Appendix, Fig. S7D, ΔS3-R) . Myosin aggregates were also observed in a small percentage of cells (∼2-4%) transfected with the Skip 1 recoiled construct (SI Appendix, Fig.  S7D , ΔS1-R). Interestingly, recoiling/mutagenesis converting the Skip 2 region into the corresponding sequence of nonmuscle/ smooth muscle myosins, which lack Skip 2 residue (SI Appendix, Fig. S4 ), did not cause any noticeable myosin phenotype (SI Appendix, Fig. S7D , ΔS2-R). Cotransfection with mCherry-tagged WT and ΔS-R constructs validated the importance of Skip 3 for proper myosin assembly (SI Appendix, Fig. S8 , ΔS3-R) but Fig. S8, ΔS1-R and ΔS2-R) . The lack of aberrant formation of parallel myosin arrangement and the more obvious exclusion from the bare zone for ΔS4-R, as observed for ΔS4, confirmed the specialized role of the Skip 4 residue/hinge region in bipolar myosin assembly (SI Appendix, Fig. S8, ΔS4-R) .
Finally, to address whether the distortion or flexibility is important for the Skip 3 region, the skip residue was reintroduced into the recoiled mutant (S3-R) and its effect examined in vivo. In this case, the skip residue introduces instability into an otherwise stable coiled-coil as demonstrated by molecular dynamics simulation (Figs. 3 A and C and 4 E and F) . Cells expressing this mutant show the same cytoplasmic aggregates observed with ΔS3-R mutant (SI Appendix, Fig. S7, S3-R) . This finding implies that a structurally stable but unwound structure surrounding Skip 3 is functionally important.
Interchangeability of the Skip Regions. The finding that deletion of Skip 3 and 4 causes myosin aggregates or exclusion from the bare zone raises the question whether their biological function is defined by the location of the distortion in the coiled coil or the specific sequence at that location. To address this question, 14 residues on either side of Skip 3 and Skip 4 were substituted with the corresponding region of Skip 2 that we have shown does not itself play an important role in myosin assembly, and shares only structural similarity-but limited sequence identity-with the Skip 3 region (Fig. 6A) .
Examination of GFP replacement mutants, transfected into NRVMs alone, revealed no anomalous distribution of the tagged myosins in the cytoplasm or defects in the incorporation into the sarcomere (Fig. 6B, S2 -S3 Repl and S2-S4 Repl). However, cotransfection with WT mCherry myosin shows an assembly defect associated only with the Skip 4 replacement, which is exactly the opposite of what was observed when Skip 4 was deleted: imaging and linescan analysis revealed accumulation but not exclusion of the S2-S4 construct in the bare zone that becomes completely filled by the GFP fluorescence signal (Fig.  6C , S2-S4 Repl, and Fig. 6D ).
Discussion
Considerable effort has been devoted at the ultrastructural level to determine the organization of the myosin rods in the sarcomeric thick filament (4, 21) . Similarly, there is a large database of sequences that indicate that the myosin rod is highly conserved (22) . What is lacking is an understanding of the connection between sequence and macromolecular assembly. The structural and functional data presented in this study shed new light on the function of the four skip residues that interrupt the cyclic pattern of the myosin rod. It has been previously argued that by introducing conformational instability in the coiled-coil, skip residues allow myosin rods to wrap along the cylindrical thick filament (9, 23) . Our structural studies show that the first three skip residues cause the coiled-coil to unwind for a region of ∼29 amino acid residues over which the α-helices run approximately parallel to each other. As such, the designation of a single residue as a "skip" residue is very difficult because the distortion extends over ∼four heptad repeats. Rather, the discussion of the role of the skip residues in the assembly of the myosin rod must focus on the structural properties of the entire region more than a single residue.
The structures determined here suggest that the regions surrounding the first three skip residues exhibit a stable but distorted conformational state. Moreover, molecular dynamics simulations show that the skip residues maintain the relaxation of the superhelical pitch and their removal increases the flexibility of the surrounding regions. Although not assessed by our calculations, the structures are consistent with enhanced longrange flexibility introduced by unwinding of the coiled-coil. The myosin distortions introduced by the first three skip residues are both structurally and functionally different from those observed in tropomyosin and reflect the different roles that these molecules play in the sarcomere. The structure of the first three skip regions has evolved to ensure regional and adequate flexibility of the rod required for assembly of the long myosin coiledcoil into the thick filament. In contrast, tropomyosin conformational flexibility has been achieved by the inclusion of alanine residues in the a and d positions at seven locations (24, 25) . This molecular arrangement, which results in looser packing of the α-helices but maintains the overall coiled-coil structure, allows the molecule to wrap continuously around the actin filament, and to adopt different local positions, depending upon its regulatory state (26, 27) . Distortions from a canonical coiled-coil are common and are often implicated in mediating proteinprotein interactions as observed in intermediate filaments (28) . Although several structural examples of stammer/stutters structures have been reported, skip residues have been observed mainly in antiparallel single-chain coiled-coils but there are very few structures for parallel dimeric coiled-coils that include skip residues (29) . Thus, the comparison between the first three and the last myosin skip residues reveals how the insertion of a single residue can be differently accommodated within a long parallel coiled-coil to diversify structural function, and highlights the importance of experimental characterization of regions that do not show a canonical repeat.
It is accepted that the myosin rod arose from gene duplication of an ancestral rod unit (30) . Our data show that during myosin evolution the same unwound structure has been conserved, even though the amino acid sequence has diverged considerably over the passage of time. The question arises whether the first three skip regions, which are by themselves highly conserved across the myosin II superfamily, play an equal role in thick filament assembly. The cellular data presented here show that the first three skip residues are not functionally equivalent in promoting myosin assembly and their hierarchical importance appears to be set by their position along the rod. The modification of the region surrounding Skip 3 has a greater effect on assembly than modification of either Skip 1 or 2. Only deletion of the Skip 3 residue causes both aggregation in the cytoplasm and reduced incorporation of the mutant protein into the sarcomere. Indeed, any modifications of Skip 3 that change the pitch or introduce flexibility lead to the same cell phenotype. This speaks in favor of the importance of a defined structure. Myosin assembly is not affected by the replacement of the Skip 3 region with the corresponding Skip 2 region that introduces 23 of 28 amino acid changes, but maintains the same structure, and the overall charge and distribution of surface exposed hydrophobic residues (SI Appendix, Fig. S3 ) (10) .
Interestingly, recoiling of Skip 1, which is located within the hinge between subfragment-2 and LMM and presumably allows the myosin heads to commute between the thick and thin filaments, shows only a mild phenotype (SI Appendix, Fig. S7D ). Although NRVMs contract spontaneously, our assay only measures myosin incorporation into the thick filaments and not the effects on sarcomere contractility. Thus, a role for the Skip 1 region in controlling specific steps that take place during actomyosin sliding cannot be ruled out. The lack of phenotype observed by converting the Skip 2 region into nonmuscle/smooth myosin isoforms, which lack the Skip 2 residue, is also puzzling. Clearly, the formation of side-polar versus bipolar filaments is driven by more than the absence or presence of the Skip 2 region and implies that this region could play a sarcomeric role not shared with nonmuscle myosins (9) .
Our data clearly show structural and functional differences between the first three skip residues and the last one. The Skip 4 residue is located in a highly flexible loop encompassing three to four amino acids separating conventional coiled-coil regions that constitute a true hinge. Thus, defining of one of these residues as the Skip 4 residue is somewhat arbitrary. Removal of the skip residue from the hinge does not prevent incorporation in the parallel arms of the sarcomere but leads to exclusion of the mutant myosin from the bare zone. This finding implies that the C-terminal portion of the myosin rod requires a high degree of movement to interact with other components of the sarcomere or to assemble in a different fashion in the bare zone. To our knowledge, this is the first evidence that myosin requires conformational flexibility to form antiparallel assemblies that constitute the bare zone.
Interestingly, the myosin-titin interaction site has been mapped to a 17-residue sequence located eight amino acids downstream of the Skip 4 residue. Because the two proteins run approximately parallel to each other along the sarcomere, it has been proposed that the bending of the rod induced by the skip 4 residue could allow the two molecules to interact (31) . Thus, one explanation for the phenotype observed with the Skip 4 mutant constructs might be that the reduction in flexibility introduced by the mutations in the rod could affect the interaction between the two proteins. However, mutagenesis of the predicted titin binding site, which contains a unique rod arrangement of negative residues (RELENELE), does not compromise myosin assembly nor alter its ability to be correctly incorporated into the sarcomere (SI Appendix, Fig. S9 ). However, reduced hinge flexibility (as probably occurs in the S2-S4 mutant) could affect accurate myosin antiparallel assembly by causing loss of interaction with other M-resident proteins (7) .
In contrast to parallel assembly, which shows a characteristic polar repeat consistent with a 98-residue stagger that underlies the 143 Å distance between crowns in the thick filament, there is no obvious sequence signature that would indicate how the myosin rods align antiparallel to each other in the bare zone (5, 32, 33) . This finding implies that the assembly cannot be described by a simple binary association of only two antiparallel coiled-coils. The bare zone exhibits D32 dihedral symmetry that demands a regular assembly of myosin molecules (34) and image reconstruction shows a thickening in the bare zone consistent with the overlap of myosin rods. Therefore, a complex arrangement is expected because both parallel and antiparallel interactions take place in the bare zone. Based on packing considerations, each myosin rod is expected to interact with at least five other molecules in this densely packed region (23) . Indeed, modeling of the thick filament predicts that the C-terminal portion of the rod assembles differently in the bare zone than in the arms of the sarcomere (21, 35) . The observation that the hinge at Skip 4 is necessary for incorporation into the bare zone is suggestive of a discontinuous interaction between myosin rods or interaction with multiple molecules. Taken together, these findings provide evidence that only the Skip 3 and 4 residue regions are essential for parallel and antiparallel myosin interactions. Although the similar structure of the first three skip residues has been functionally diversified by their location along the rod, the more complex structure of the bare zone has required the evolution of a specialized hinge structure.
More than 130 mutations causing hypertrophic and dilated cardiomyopathy, as well as different distal myopathies, have been mapped to the β-myosin rod; of interest, some of them are located near the four skip residues. In particular, three of them, E1573K R1588P, and L1591P, which lie in the solvent exposed c, b, and b positions of the heptad repeat (see Fig. 2A ), respectively, are located within the skip 3 region resolved in this study. The first of these mutations has been implicated in Ebstein anomaly, which is a rare congenital heart malformation affecting the tricuspid valve, as well as the right ventricle, whereas the others result in Laing distal myopathy, characterized by slowly progressive skeletal muscle weakness with variable degrees of cardiac impairment (36) (37) (38) . To determine the potential impact of these mutations on the structure of the skip 3 region, molecular dynamics were then carried out (SI Appendix, Fig. S10 ). Although the E1573K mutation has little effect, which implies that this charge reversal influences packing interactions between adjacent myosin rods, the proline substitutions have a much greater effect. In fact, these substitutions cause greater local conformational variability and separation of the α-helices; moreover, they introduce a bend into the coiled-coil and a change in pitch. Thus, the proline substitutions analyzed are predicted to have both a local and long-range effects on the conformation of myosin, which are expected to alter the rod interactions within the thick filament.
In addition to providing, to our knowledge, the first structural and functional characterization of four coiled-coil regions of a sarcomeric myosin rod, the multidisciplinary approach adopted here lays the groundwork for defining the functional impact of disease-causing mutations on the coiled-coil structure of the myosin rod.
Materials and Methods
For details, see SI Appendix.
DNA Constructs. Vectors for crystallographic studies were prepared by QuikChange cloning. Sections of the MYH7 gene, purchased as an IMAGE clone from Open Biosystems, were inserted into modified pET vectors containing the desired fusion protein as previously described (12) . QuikChange cloning allowed all constructs to be made without introducing cloning artifacts while maintaining the correct coiled-coil registration between the folding domains and the target gene fragment. The WT EGFP and mCherry myosin rod constructs were created by fusing each fluorescent reporter gene at amino acid 841 of the rat α-cardiac myosin gene, as previously described (20) . All of the myosin mutants were generated by inverse PCR (39) .
Protein Expression and Purification. Myosin fusions were expressed in an Escherichia coli BL21-CodonPlus (DE3)-RIL cell line (Stratagene). Cells were grown in lysogeny broth (LB) at 16°C, harvested by centrifugation, and then flash-frozen in liquid nitrogen before storage at −80°C. Selenomethionine derivatives were prepared as previously described (40) . The proteins were purified by nickel affinity chromatography followed by removal of the Histag with tobacco etch virus protease. The proteins were flash-frozen in 30 μL droplets in liquid nitrogen and stored at −80°C before crystallization.
Crystallization. Crystals of Gp7-K1173-I1238-Eb1 (Skip 1), Gp7-L1361-I1425-Eb1 (Skip 2), and Xrcc4-L1551-N1609 (Skip 3) were grown by vapor diffusion at room temperature from a 1:1 mixture of protein at 10 mg/mL and a variety of organic precipitants as described in detail in SI Appendix. Gp7-A1776-T1854-Eb1 (Skip 4) was methylated to obtain suitably diffracting crystals with formaldehyde and dimethylamine borane complex (41) and subsequently crystallized at room temperature. All crystals were flash-frozen before X-ray data collection. Detailed crystallization conditions are given in SI Appendix.
Data Collection and Structure Determination. Data were collected at 100 K at either SBC Beamline 19-ID or 19-BM (Advanced Photon Source, Argonne National Laboratory, Argonne, IL). Diffraction data were indexed, integrated, and scaled with HKL3000 (42). Initial solutions were obtained by molecular replacement using PHASER with the appropriate fusion protein as a search model (PDB ID codes 1NO4, 1IK9, or 1YIB) (43) . Initial positions of the search models were optimized by rigid body refinement in Phenix Refine (44) . Structure building was done both manually in COOT through iterative cycles and with Phenix Autobuild (45) . All structures have a protein geometry MolProbity score of the 97th percentile or greater. Data collection and refinement statistics are shown in SI Appendix, Table S2 .
Molecular Dynamics. All simulations were carried out using the AMBER v12 Molecular Dynamics package with the f99SB force field improved with NMR observables (ff99SBnmr) (46) (47) (48) . The Generalized Born implicit solvent approach was adopted using specifically the gb7 model as this is ∼100-fold faster compared with explicit solvent simulations when graphical processor units are used (49) (50) (51) . Production gb7 simulations were carried out for 1,000 ns using 1 fs as the time step. Langevin dynamics was applied with a collision frequency of 20 ps −1 at 300 K. The SHAKE (52) algorithm was applied to bonds involving hydrogen with a tolerance of 10 −5 . Nonbonded cutoff was set up as 9,999 Å, and the maximum distance between atom pairs for Born radii calculations was set up to be 12 Å. Salt concentration was set to the physiological molarity of 0.15 M.
